Abstract: This study reveals that the periods, ablation areas and orientations of periodic surface structures (ripples) in fused silica can be adjusted by using designed femtosecond (fs) laser pulse trains to control transient localized electron dynamics and corresponding material properties. By increasing the pulse delays from 0 to 100fs, the ripple periods are changed from ~550nm to ~255nm and the orientation is rotated by 90°. The nearwavelength/subwavelength ripple periods are close to the fundamental/second-harmonic wavelengths in fused silica respectively. The subsequent subpulse of the train significantly impacts free electron distributions generated by the previous subpulse(s), which might influence the formation mechanism of ripples and the surface morphology. 
Introduction
Laser-induced periodic surface structures (LIPSS/ripples) have attracted tremendous attention for many years [1] [2] [3] [4] [5] [6] [7] [8] . LIPSS can be divided into two distinct types: low spatial frequency LIPSS (LSFL) and high spatial frequency LIPSS (HSFL) [8] . LSFL consist of spatial periods (Λ) close to the irradiation wavelength (λ, λ>Λ>λ/2), which are widely considered to be the result of the interaction between an incident wave and a surface scattered wave [2, 9] . The spatial periods of HSFL are significantly smaller than the irradiation laser wavelength (Λ<λ/2), and their formation mechanism is still under investigation [10] [11] [12] [13] . The effects of the pulse duration [14] , pulse number [15] , and fluence [16] on the evolution of LIPSS are all studied. For femtosecond (fs) laser pulse train processing of materials, the pulse delay between subpulses also strongly impacts the formation of nanostructures [17] [18] [19] [20] , especially the morphology of LIPSS [18] [19] [20] . Rosenfeld et al. [20] found that HSFL began to appear at a pulse delay of 1.33ps and completely replaced LSFL at 40ps, which was attributed to the free-electron plasma generation and transient changes of the optical properties during the ablation process. More detailed studies in the femtosecond timescale are still required to reveal the fundamental formation mechanisms of LIPSS within the ultrafast carrier lifetime (a few to hundreds of 100fs) [21] [22] [23] for fs laser-induced dense plasma in fused silica. In addition, the control of the LIPSS morphology, such as periods, areas and orientations, still remains a challenge.
On the other hand, a fs pulse duration is shorter than many physical/chemical characteristic times, which enables it to manipulate/adjust/interfere electron dynamics, such as excitation, ionization, recombination in addition to density and temperature of the electrons [24] [25] [26] . Recently, we proposed that transient localized electron dynamics could be controlled to adjust corresponding material properties by shaping fs pulse trains for high-precision nanostructuring [27] . This was experimentally validated by drilling high-aspect-ratio microchannels in glass using shaped fs pulse trains [28] . Hence, the control of LIPSS formation becomes possible by designing fs pulse trains according to transient localized electron dynamics during the ablation process.
In this study, the topography evolution of LIPSS is investigated by 50fs, 800 nm laser pulse trains at different pulse delays, Δt, from 0 to 1ps. Abrupt transitions from LSFL to HSFL at pulse delays within 100fs under certain conditions are observed for the first time. The experiments demonstrate that it is feasible to control the LIPSS morphology, such as periods, areas and orientations, by carefully designing pulse trains according to transient localized electron dynamics, for which fundamental insights of LIPSS formation mechanisms are presented.
Experimental set-up
A 3.5W fs Ti:sapphire laser (Spectra Physics, Inc.) is used to generate linearly polarized laser pulses of 50fs (FWHM) pulse duration at 800nm central wavelength. The fused silica sample is mechanically polished to a surface roughness of 0.5nm Ra and mounted on a six-axis translation stage. Desired pulse trains are generated by a commercial 4f-configuration-based pulse shaper (BSI MIIPS BOX 640), which allows the adjustment of delay times ranging from 4fs to 5ps. By scaling the laser repetition rate down to 10Hz, the number of bursts per site (N) is precisely controlled with an electromechanical shutter, in which a burst is defined as the irradiation of a whole pulse train. The p-polarized laser beam is incident normal to the sample surface by a 5 × microscope objective (N.A. = 0.1, Olympus), corresponding to a spot size diameter of ~8μm. A half-wave plate and polarizer, mounted prior to the entrance of the pulse shaper, are used to adjust the total energy of the pulse train. The pulse train in our experiments consists of two subpulses, and the intensity ratio is 1:1. All experiments are carried out in air at ambient pressure and temperature. After irradiation, the surface morphology is investigated by a scanning electron microscope (SEM) and an atomic force microscope (AFM).
Results and discussion
For multiple laser pulses irradiation (pulse delay Δt = 0), the types of LIPSS strongly depend on the fluencies and the pulse numbers (N 0 ). At N 0 = 5-50, LSFL with orientation parallel to the laser polarization can be obtained at 0.72F th -3F th , in which F th is the single-pulse threshold fluence. F th is the minimal fluence for a single pulse that just creates the visible damage on the sample surface observed by the CCD imaging system. The periods of LSFL at N 0 = 5-50 are 800-540 nm and decrease with the increase in N 0 . However, HSFL, orientated perpendicular to the polarization, are pronounced only at fluencies in the range of 0.6F th -0.66F th at N 0 >15. Although the parameters of processing LSFL are so different than those for HSFL, both types of ripples can be obtained by changing the pulse delay (Δt) at fixed total fluence and number of pulse trains (N).
The periods and areas of LSFL
An interesting phenomenon of the decrease of the areas and periods of LSFL can be observed by varying pulse delays at the fluences of 1F th -1.05F th . Figure 1 shows LSFL and HSFL after irradiation with N = 10 pulse trains at 1.05F th . By increasing pulse delays from 0 to 50fs, two types of LIPSS are obtained in which 0fs is considered as a train consisting of two pulses at half of total fluence with zero pulse delay. At zero pulse delay, Δt = 0fs, regular LSFL and the separations of several peaks are observed in the overall ablation area as shown in Fig. 1(a) and the corresponding enlarged image. At Δt = 50fs, the ablation area significantly decreases; and the peaks of LSFL are split, where the HSFL (parallel to LSFL), with periods approximately half of that of the LSFL, are obtained in Fig. 1(b) . Some nanostructures (perpendicular to the polarization) on the rim of the ablation crater can also be observed in the enlarged image of Fig.  1(b) . At Δt>50fs, no obvious structures are obtained. The average periods of LSFL and HSFL are 560 ± 8nm and 255 ± 10nm, respectively, while λ/n = 551nm and λ/2n = 275nm (λ is the incident central wavelength and n is the refractive index). The periods of LSFL and HSFL are close to the fundamental and second-harmonic wavelengths in the fused silica. This indicates that the second-harmonic generation (SHG) plays a key role in triggering the LIPSS transition at a pulse delay of 50fs. The SHG is also proposed to explain the formation of HSFL in semiconductors [8, 12, 15] . The harmonics, resulting from electron recombination, are determined by the occupation of excited electrons in a conduction band. The electron occupation can be adjusted by shaping a fs pulse train, which was theoretically predicted by us [27] . Thus, the changes in electron occupation might facilitate SHG and result in a 50% cut in ripple periods. On the other hand, the strong decrease in the ablation area is due to the electron decay during the pulse delay at lower intensity regions of the laser spot [22] . Fig. 1 . SEM images of LIPSS morphology evolution on fused silica surface after irradiation with 10 pulse trains (two pulses per train) at a total fluence of 1.05F th . The polarization direction is indicated by the arrow.
Transition from LSFL to HSFL
With higher fluences (1.1F th -1.22F th ) and more pulse trains (N = 20), LSFL are replaced by another type of HSFL (orientated perpendicular to LSFL and with laser polarization) at Δt≥100fs. Figure 2 shows the transition from LSFL to HSFL after irradiation with N = 20 pulse trains at 1.16F th . At Δt = 0fs, LSFL, orientated parallel to the laser polarization, are regularly distributed on the bottom of the ablation crater (Fig. 2(a) ). At Δt = 50fs (Fig. 2(b) ), the rippled area decreases rapidly; and LSFL only exist in the central crater region. In a pulse delay range of 100fs to 400fs (Δt = 100-400fs) (Figs. 2(c)-2(f) ), typical nanostructures of HSFL, with orientation perpendicular to laser polarization, become dominant. The periods of HSFL at 100fs delay are 255 ± 30nm. No obvious structures are formed at Δt>500fs. In order to gain more information on the morphological characteristics, AFM is used to investigate both LSFL and HSFL. The profiles of the periodic structures in Figs. 2(a) and 2(f) are shown in Figs. 3(a)  and 3(b) , respectively. It is found that after irradiation by pulse trains: 1) the depth of the ablation crater significantly decreases as the pulse delay increases; 2) LSFL are replaced by HSFL on the surface; 3) the spatial periods of the LIPSS strongly decrease; and 4) the orientation of HSFL rotates by 90° to be perpendicular to that of LSFL and the laser polarization. 
Effects of pulse delay on the LIPSS transition
Effects of pulse delay on the spatial periods and ablation areas of LIPSS at the total fluence of 1.16F th are shown in Fig. 4 , where the error bar indicates the measurement errors and the spatial nonuniformity of the structures. As shown in Fig. 4 , within Δt≤100fs, the periods and ablation areas of LIPSS decrease rapidly, whereas from 100fs onwards, they become stable. For multiple pulses (Δt = 0fs) irradiation, the previous pulses increase the incident angle and surface roughness at the rim of the crater for subsequent pulses; and LSFL are established from the edge to the overall ablation area. As the pulse delay increases, a single pulse is separated into two delayed subpulses; and neither of them is sufficient to damage the surface. Structures [29, 30] on the dielectrics surface are very similar to the HSFL described in this work, which can be attributed to the periodic plasma enhancement of the incident laser field at the surface [29] . During the ablation process, surface plasmons can be resonantly excited by coupling between the surface free electrons and the incident field at a certain electron density. At a pulse delay of 0fs, after the free electron density becomes comparable to the critical density, the laser energy is mainly reflected; and the Gaussian beam is strongly reshaped [31] . Hence, the intensity of the absorbed laser is low; and the effects of induced surface plasmons on the incident laser are not sufficient. As to pulse delays in the range of 100fs-500fs, however, surface plasmons excitation can easily be achieved at the initial stage of the second subpulse due to accumulation of the first subpulse [32] . Because of the interaction between the incident laser field and surface plasmons, the coupled field intensity is enhanced in some areas and weakened in others with spatially periodic patterns at the surface. Combined with multiple bursts irradiation, the incubation effects result in the evolution of local intensity distribution along the electric field direction [33] . Energy with such patterns leads to periodic distributions of the free electron density, forming HSFL at a specific periodicity and an orientation perpendicular to the electric field direction. Thus, by designing a fs laser pulse train based on transient localized electron dynamics and corresponding material properties: 1) the electron dynamics can be controlled; 2) the interaction time between the surface plasmons and the incident field is prolonged and 3) ripples with different periods and orientations can be obtained. In the overall ablation process, free electron decay is inevitable; and the details of free electron decay time are explained in [17] . Similarly, an ultrafast carrier lifetime in fs regime (~100fs) for fused silica has been demonstrated by several studies [21] [22] [23] . With an increasing pulse delay, the electronic decay strongly impacts the density of free electrons, which leads to less seed electrons and inhibits ionization in the overall process. Hence, smaller ablation areas and depths are obtained at pulse delays of 50-100fs (as shown in Fig. 4) . N) . In region II, the increasing of the pulse delay results in a 50% cut in LSFL periods and HSFL( E   ) are obtained, which is probably due to the SHG. This region is of practical importance for the reduction of LSFL periods. In region III, the transition from LSFL to HSFL( E ⊥  ) is achieved and found to associate LIPSS orientation rotating at pulse delays in the range of 75-100fs, which is attributed to the interaction between the surface plasmons and incident field. In this region, by increasing the pulse delays between the subpulses in a train with fixed N and fluence, the types of LIPSS can be controlled, which provides a feasible method to control the ripple type and orientation towards the polarization. In region IV, LSFL are dominant structures if N = 10 and no LIPSS is observed if N>10.
Conclusions
In summary, the topography evolution of LIPSS in fused silica by fs pulse trains has been investigated. It is found that: 1) at 1F th -1.05F th fluence and N = 10, LSFL are obtained at pulse delay Δt = 0fs and split in the peaks at Δt = 50fs, leading to additional HSFL orientated parallel to LSFL and laser polarization. The periods of LSFL and those of HSFL are close to the fundamental and second-harmonic wavelengths in the fused silica, respectively, which indicates that the second-harmonic generation is the key in triggering the LIPSS transition at Δt = 50fs; 2) at higher fluences of 1.1F th -1.22F th and N = 20, LSFL, obtained at Δt = 0fs, are replaced by orthotropic HSFL at Δt = 75-600fs, which is attributed to surface plasmons generation and the periodic enhancement of the coupled electric field at the surface. The experimental results demonstrate that localized transient electron dynamics play an important role in LIPSS formation, which can be adjusted by the pulse train. The dependence of the LIPSS morphology on the pulse delay provides a new method to obtain controllable and smaller nanogratings.
